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In Brief Sanman et al. developed bifunctional activity-based probes that facilitate simultaneous analysis of cysteine cathepsin protease activity and pH. Using these probes, they find that an intracellular bacterial pathogen induces acidification defects in cathepsincontaining organelles that occur in both infected and some uninfected bystander cells.
INTRODUCTION
The cysteine cathepsins are proteases that play pivotal roles in health and disease (Reiser et al., 2010) . They were first characterized based on their activities in the lysosome, where they are responsible for protein degradation, amino acid recycling, and, in immune cells, antigen presentation (Turk et al., 2012) . Cathepsins are synthesized as inactive zymogens in the rough ER and are sorted through the trans-Golgi network into late endosomes (Brix et al., 2008; Reiser et al., 2010; Turk et al., 2012) . The acidic environment of late endosomes and lysosomes promotes proteolytic processing and activation of the cathepsins (Brix et al., 2008) . Biochemical studies using purified enzymes and peptide substrates have demonstrated that all of the cysteine cathepsins have optimal activity at acidic pH, with most optimally active around pH 5. Most of the cysteine cathepsins, with the exception of cathepsin S (Turk et al., 1993 (Turk et al., , 2012 Vasiljeva et al., 2005) , have reduced or no activity against peptide substrates at neutral pH. However, there is increasing evidence that at least some of the cysteine cathepsins can function in non-acidic environments and may have functions outside the lysosome (Brix et al., 2008; Palermo and Joyce, 2008) . For example, cysteine cathepsins have been shown to play roles in apoptotic and pyroptotic cell death in the cytosol (Cirman et al., 2003; Hornung et al., 2008; Reiser et al., 2010) , degrade extracellular matrix components during wound healing and tumor progression (Rozhin et al., 1994; Turk et al., 2012) , and regulate the cell cycle by cleaving histones in the nucleus (Brix et al., 2008; Duncan et al., 2008; Goulet et al., 2004; Reiser et al., 2010; Turk et al., 2012) . In some cell types such as macrophages, cysteine cathepsins can also localize to early endosomes and actively cleave substrates (Blum et al., 1991; Brix et al., 2008) . Because all of these locations have pH values where cathepsins show low or nonexistent activity in vitro, it is unclear how, or even if, cysteine cathepsins are able to maintain their proteolytic activity in such environments. It has been suggested that there might be a slight acidification of some non-lysosomal environments (Kirschke et al., 1977; Rozhin et al., 1994; Turk et al., 2012; Vasiljeva et al., 2005) , and cofactors or other molecules that stabilize cathepsins at neutral pH may exist (Brix et al., 2008; Palermo and Joyce, 2008; Turk et al., 2012) . Regardless, tools that allow simultaneous assessment of the location of active cathepsins and the pH of their surroundings would be useful to better understand how and where these proteases function. More broadly, because the outcome of proteolysis-mediated signaling depends on both the proteolytic enzyme as well as the environment in which the signaling occurs, it is of great importance to develop reagents that enable simultaneous dissection of these factors.
Here we describe the design and synthesis of dual-function activity-based probes (ABPs) that report both on the activity of the cysteine cathepsins as well as the pH of their microenvironment. We apply these probes to study the steady-state properties of cysteine cathepsins in macrophages and track dynamic changes in protease activity and pH upon stimulus. Furthermore, we provide evidence that the activity and environment of cysteine cathepsin activity changes dynamically in macrophages over the course of infection with S. typhimurium. This intracellular bacterial pathogen promotes acidification of its own vacuole to create a replicative niche while simultaneously preventing fusion with host cell endosomes and lysosomes to avoid clearance (Arpaia et al., 2011; Uchiya et al., 1999) . However, the impact of these seemingly opposing activities on the activation of host endolysosomal enzymes is unclear. Our results demonstrate that decreased cathepsin activity in infected cells is associated with an elevation in pH of cathepsin-containing organelles that begins to manifest at 2 hr post-infection and progresses to affect all infected cells at 14 hr post-infection. Interestingly, at 14 hr post-infection, the cathepsin-containing organelles of cells proximal to infected cells also demonstrated an increase in pH, suggesting a bystander effect from infection. These results demonstrate both the utility of a pH-sensitive, quenched ABP for characterizing endolysosomal protease activities and reveal a dynamic relationship between intracellular bacteria and host macrophages.
RESULTS

Synthesis of Bifunctional Activity-Based Probes
To develop bifunctional probes of activity and pH, we needed to design a single molecule that contained two independent fluorescent reporter elements; the first of which becomes fluorescent upon modification of an active protease and the second of which produces graded changes in fluorescence with changes in pH. We chose to use pH-dependent fluorophores that exhibit maximal fluorescence at neutral or near-neutral pH ( Figure 1A ) to highlight and dissect cathepsin activity in nonacidic compartments. Our candidate pH reporters, Oregon Green 488 (OG488) and fluorescein, exhibit pH-dependent fluorescence (in vitro pK a 4.8 and 6.5, respectively) (Martin and Lindgvist, 1975; Mottram et al., 2006; Vergne et al., 1998) , with efficient fluorescence at neutral pH. We used sulfo-Cy5 as the activity-dependent fluorophore since it could be paired with the cognate sulfo-QSY21 quencher that we have used in our previously validated cathepsin ABP BMV109 (Verdoes et al., 2013) . Cy5 is an ideal fluorophore choice because it has a low fluorescent background, can be derivatized to a sulfonated form that is soluble in biological solvents, and exhibits less non-specific binding than other, more hydrophobic dyes. QSY21 was chosen as a quencher because it strongly absorbs fluorescence from 600 to 700 nm (i.e., the entire emission spectrum of Cy5) and also exists in a soluble, sulfonated form. OG488 and fluorescein are spectrally distinct from Cy5, preventing fluorescence resonance energy transfer with Cy5. Importantly, these fluorophore choices ensure that it is possible to measure protease activity and pH independently. We wanted to make one probe that measures pH and cathepsin activity rather than using two independent reagents because this allows focused measurement of pH in the area of active cathepsins without issues of differential probe diffusion and uptake. This improves signal to noise as well as the accuracy of measurements and facilitates direct ratiometric measurement of cathepsin activity and pH over time.
To synthesize these probes, we began with the backbone of the previously reported quenched ABP, BMV109, which binds to a broad range of cysteine cathepsins and has optimized in vivo properties (Verdoes et al., 2013) . This backbone contains a dipeptide (phenylalanine-lysine) cathepsin affinity region, a phenoxymethyl ketone electrophile, and a sulfo-QSY21 quencher ( Figure 1B) . We modified the P1 lysine residue with BocLys(N 3 )-OSu using N,N-diisopropylethylamine in DMSO. After removal of the Boc protecting group, the resulting compound contained both an azide and amine group. We modified both functional groups in a one-pot reaction in which we first attached the OSu-activated pH-dependent fluorophore to the exposed amine and then adjusted conditions for Click chemistry and attached the sulfo-Cy5-alkyne (van der Linden et al., 2015) to the azide ( Figure 1B) . Using this strategy, we were able to obtain both LES12 with OG488 as the pH-dependent fluorophore and LES13 with fluorescein as the pH-dependent fluorophore.
In Vitro Characterization of Bifunctional ABPs
To confirm that the probes provided a quantitative readout of pH, we first incubated each probe in buffers of constant osmolarity with pH values ranging from 2 to 9 and measured fluorescence at 520 nm and 670 nm (Figure 2A and S1A). We observed a pH-dependent increase in fluorescence of OG488 (LES12) and fluorescein (LES13), which allowed us to calculate the pK a values of the probes as 5.3 and 6.5, respectively ( Figure 2A ). Interestingly, the pK a of the probe-bound fluorescein was identical to the pK a of free fluorescein, whereas the pK a of probe-bound OG488 was elevated in relation to the pK a of free OG488 (Mottram et al., 2006) . As expected, we did not observe pH-dependent changes in Cy5 fluorescence from either probe (Figure S1A ). To confirm that the probes could also be used to measure the activity of target cathepsins, we incubated each probe with recombinant cathepsin B (CatB), cathepsin S (CatS), and cathepsin L (CatL) at pH 5.5 and measured overall Cy5 fluorescence. We tested multiple cysteine cathepsins in vitro because some cathepsins, such as CatB, can function as both an exopeptidase and endopeptidase, whereas CatS and CatL are strict endopeptidases (Turk et al., 2001) . We observed a significant increase in Cy5 fluorescence but no change in OG488 or fluorescein fluorescence upon addition of CatB, CatL, or CatS ( Figures 2B, 2C , and S1B-S1D). Importantly, the cathepsininduced Cy5 signal could be reduced back to background levels (minus cathepsin values) by addition of the structurally dissimilar pan-cysteine cathepsin inhibitors E64d or JPM-OEt (Chehade et al., 2005; Komatsu et al., 1986) (Figures 2B, 2C , S1C, and S1D). Furthermore, there was no significant change in OG488 or fluorescein fluorescence upon addition of active CatB at any pH values between 2 and 9 ( Figure S1E ). Finally, the quantum yield of the Cy5 dye on BMV109, LES12, and LES13 (Verdoes et al., 2013) was less than 10% of the quantum yield of free Cy5, indicating that the Cy5 signal is significantly quenched when attached to a sulfo-QSY21-containing probe (Table S1 ). Taken together, these data indicate that our bifunctional ABPs produce pH-dependent fluorescence in the expected pH ranges and cathepsin activity-dependent fluorescence that can be measured independently of the pH-sensitive signal.
Probes Allow Detailed Characterization of the Cellular Environment of Active Cathepsins
Macrophages are innate immune cells that express several cysteine cathepsins at high levels (Verdoes et al., 2013) in order to efficiently degrade phagocytosed material and present antigens. Previous work indicates that cysteine cathepsins may localize to a comparatively broad range of endosomal and lysosomal compartments in macrophages (Blum et al., 1991) . We began cellular studies of our bifunctional ABPs by labeling live RAW 264.7 murine macrophages and analyzing probe labeling by in-gel fluorescence and live-cell microscopy ( Figure 3 ). Biochemical analysis of labeled cells confirmed that both probes covalently modified multiple cathepsins at concentrations as low as 50 nM and treatment with an epoxide-based cathepsin inhibitor JPM-OEt (Chehade et al., 2005) completely blocked probe labeling. The probes exhibited a similar labeling profile of CatB, S, L, and X compared with the parent ABP, BMV109 (Figures 3A, S2A, and S2B) (Verdoes et al., 2013) . Labeling of CatS and CatL saturated at low concentrations of probe, whereas CatB and CatX labeling increased linearly with increasing concentration of probe ( Figure S2C ). These data could indicate that the probes bind more rapidly to CatS and CatL, or that those cathepsins are more active in regions of the cell through which the probes traffic. When we analyzed probe titration samples by western blot, we observed that the active form of CatL was almost completely modified by the highest concentration of probe used, confirming that labeling was indeed saturated (Figure S2D) . When the gels were soaked in pH 3.6 buffer and then scanned, we observed a decrease in OG488 and fluorescein fluorescence but not Cy5 fluorescence, indicating that the pH-dependent fluorophores were efficiently quenched by acidic pH even when bound to cysteine cathepsins in a denaturing gel ( Figure 3A ).
When we imaged live RAW 264.7 cells labeled with LES12 and LES13, we observed a punctate staining pattern, the majority of which colocalized with LysoTracker ( Figure 3B ). The 520 nm signal of OG488 (LES12) was stronger than that of fluorescein (LES13; fluorescein abbreviated FL). This is consistent with reports that the pH of most lysosomes is below pH 5.5 (Mindell, 2012) , and our in vitro data ( Figure 2B ), which shows that LES12 produces significant fluorescence all the way down to pH 4.5, while LES13 does not produce significant fluorescence below pH 5.5. To determine whether the in vitro pK a data reflect the cellular pK a of the bifunctional probes, we treated RAW 264.7 with each probe and then adjusted the pH of probe-treated cells using an intracellular pH clamping technique. In this method, cells are brought to a desired pH by incubation in a pH-adjusted K + -rich buffer containing the ionophore nigericin (Arosio et al., 2010; Overly et al., 1995) . We imaged live cells and collected at least four fields of view per pH value ( Figure 3C ; representative fields of view shown for pH values 4, 6.5, and 8). We selected individual Cy5-positive organelles (indicating that these organelles contained active cathepsins) and quantified OG488 or fluorescein fluorescence in those organelles. We then plotted the average organelle fluorescence intensity (in the green channel) at different pH values to determine the cellular pK a values of the probes ( Figure 3D ). Using this strategy, we determined the cellular pK a for the pH-dependent fluorophores of LES12 and LES13 to be approximately 5.2 and 6.5, respectively ( Figure 3D ). Importantly, these values were nearly identical to the in vitro pK a values (5.3 and 6.5; Figure 2A ) measured using simple buffered solutions. The apparent pK a of the probes was similar if analysis was limited to organelles containing active cathepsins ( Figure 3D ) or extended to all organelles containing signal in the fluorescein channel ( Figure S2E ). To determine whether these pK a values were similar when normalized to organelle size, shape, and localization, we also standardized fluorescence of the pH-dependent fluorophore to a non-specific endosomal/lysosomal marker, a 3,000 molecular weight neutral Texas red dextran (TR-dextran) ( Figure S2F ). We chose a neutral dextran of similar molecular weight to our probes to use as a standard because it would have similar cellular uptake and should not alter the charge balance of the endolysosomal compartments. Using the same pH clamping technique described above, we observed that normalized fluorescein fluorescence of LES13 retained the same trend and apparent pK a as when left un-normalized ( Figure 3E ). We were also interested in evaluating whether the Cy5 signal can be used as an internal standard for changes in fluorescein/OG488 fluorescence in experiments where cells are first labeled and then pH clamped or otherwise stimulated. When we took a ratio of fluorescein signal to Cy5 signal in RAW 264.7 treated with LES13 prior to pH clamping at pH 4, 6.5, and 8, we observed similar apparent pK a values ( Figure S2G ). This indicates that the fluorescein (or OG488)/Cy5 ratio can be used to measure pH changes when cells are labeled with the probes prior to stimulation.
Although the pH of endolysosomal compartments has been measured in cells and the pH optima of cysteine cathepsins determined in vitro, the pH of the environment of active cathepsins in cells has never been directly measured. Therefore, we used our probes to quantify the pH of individual organelles containing cathepsin activity. For this study, we labeled RAW 264.7 cells with LES13 and clamped them at pH 4, pH 8, or left them unclamped. With average organelle fluorescein data from the pH 4-clamped (minimal fluorescein fluorescence) and pH 8-clamped (maximal fluorescein fluorescence) cells ( Figure S2E ), we used a previously reported version of the Grynkiewicz equation (Arosio et al., 2010) to calculate the pH of all organelles with active cathepsins in the unclamped cells. We observed that most cathepsin activity resided in organelles between pH 4.5 and 6. Interestingly, there was a subpopulation of organelles containing cathepsin activity with pH above 6 ( Figure 3F ). Thus, our data (A) Fluorescent emission (520 nm; 420 nm excitation) of LES12 and LES13 in buffers of increasing pH. Nonlinear regression curves were fit and pK a values determined using GraphPad Prism software. (B and C) LES12 (B) and LES13 (C) were incubated at pH 5.5 in the presence or absence of cathepsin B for 30 min and either vehicle or 100 mM E64d. Fluorescent emission (670 nm; 650 nm excitation) was measured using a plate reader. Error bars represent mean ± SD of technical triplicate. OG488, Oregon Green 488; FL, fluorescein. See also Figure S1 and Table S1 .
show that cellular fluorescence of our probes is an accurate measure of the local pH and that it is possible to quantify the distribution of pH across all compartments containing cathepsin activity.
Bifunctional ABPs Measure Dynamic Changes in Protease Activity and pH We next examined whether we could also use the probes to characterize dynamic changes in both cathepsin protease activity and pH. We first treated cells with vehicle or the lysosome deacidifying drug chloroquine (CQ) and then labeled with probe. We normalized both Cy5 and fluorescein fluorescence intensity to TR-dextran to account for potential changes in lysosome size and shape. We observed a significant decrease in Cy5 signal and a significant increase in fluorescein signal relative to the TR-dextran signal, corresponding to a loss of protease activity and an increase in pH ( Figures 4A-C) . TR-dextran labeling was brighter in CQ-treated cells due to increased lysosome size, which demonstrates the utility of TR-dextran as an internal standard ( Figure 4A ). When we analyzed the labeling pattern by in-gel fluorescence, we observed that only CatS retained activity upon CQ treatment, consistent with prior reports that CatS is capable of retaining activity at neutral pH (Turk et al., 2012; Verdoes et al., 2012) (Figure 4D ). We also analyzed these samples by western blot to confirm loading ( Figure 4D ) and cathepsin protease expression. We found that CatB protein levels were similar in vehicle and CQ-treated samples ( Figure S3 ), indicating that our differential gel labeling indicates loss of cathepsin protease activity rather than changes in expression or rates of protein turnover.
In a parallel experiment to track the changing pH environment of a pool of initially active cathepsins, we first labeled cells with probe and then incubated with CQ. We observed a consistent Cy5 signal and an increase in normalized fluorescein fluorescence ( Figure 4E ), indicating that the environment of the initially active cathepsins was increasing in pH. These data demonstrate the utility of the probes in that they can be used to simultaneously analyze protease activity and pH in a perturbed cellular state and to track the changing environment of an active pool of cathepsins in individual subcellular compartments. Furthermore, the adaptability of these reagents illustrates the value of having both an activity-sensitive fluorophore and a pH-sensitive fluorophore on the same molecule.
Probes Reveal Endolysosomal De-acidification during Infection Salmonella typhimurium is a pathogenic bacterium that replicates in host cells by creating a specialized organelle called the Salmonella-containing vacuole (SCV). The SCV must acidify to establish a replicative niche. Failure to acidify the SCV also results in loss of virulence (Arpaia et al., 2011) , as bacterial virulence genes are induced in a pH-dependent manner. In order to maintain the sanctity of the SCV and prevent recognition or destruction by the host, S. typhimurium may actively prevent fusion of the SCV with host cell endosomes and lysosomes (Uchiya et al., 1999) . Given this complex system in which S. typhimurium must simultaneously promote acidification of the SCV and prevent host cell endosome maturation, we wanted to determine the effects of Salmonella infection on host cell endolysosomal enzymes. Effects on cathepsins were particularly attractive to interrogate because changes in cathepsin activity and localization affect the ability of the cell to present pathogen-associated antigens.
To profile the effects of intracellular S. typhimurium on cysteine cathepsin localization and function, we infected bone marrow-derived macrophages (BMDM) with S. typhimurium and labeled with the bifunctional ABP LES13. During infection and labeling, we also clamped cells at pH 4 and 8 to calibrate the measurement of pH in organelles containing active cathepsins in both uninfected and infected BMDM. We analyzed the activity and pH environment of the cathepsins at 2 hr post-infection, a time point when bacteria have been phagocytosed by BMDMs but have not yet replicated, and at 14 hr post-infection, when they have established an intracellular niche and are actively replicating (Arpaia et al., 2011) . BMDMs were infected with S. typhimurium expressing mCherry so that we could distinguish infected from uninfected bystander cells ( Figure S4A ). Using an anti-Salmonella antibody, we evaluated the accuracy of using the mCherry signal to distinguish bystander cells from infected cells and found that this method resulted in a low ($2.67%) false identification rate for bystander cells ( Figure S4B ).
When we infected cells for 2 hr and visualized the distribution of cathepsins by live-cell microscopy, we observed similar punctae of cathepsin activity in infected and uninfected cells. Interestingly, some cathepsin activity colocalized with S. typhimurium ( Figure 5A ). We initially observed a similar distribution in the pH of organelles containing active cathepsins in uninfected and infected samples ( Figure 5B ). However, when we separated the infected sample into infected or bystander categories using the mCherry signal, we found that, in bystander cells, organelles containing cathepsin activity maintained a similar distribution of pH as observed in uninfected samples ( Figure 5C ). In contrast, infected cells contained organelles with cathepsin activity that had elevated pH ( Figures 5D and S4C) . We observed that some of these elevated pH organelles contained S. typhimurium, while others did not ( Figure 5A) . Notably, the distribution of pH in all organelles containing active cathepsins was similar to the distribution of pH in organelles containing S. typhimurium ( Figure S4D ).
When we visualized cells infected for 14 hr and labeled with LES13 by live-cell microscopy, we found that infected BMDM retained punctate cathepsin activity similar to uninfected cells ( Figure 6A ). However, in contrast to the 2 hr time point, cathepsin activity did not colocalize with intracellular S. typhimurium. This finding is in line with a previous report suggesting that S. typhimurium excludes active cathepsins from the SCV (Figure S5A) (Hang et al., 2006) . Intriguingly, we observed a bimodal distribution in the pH of organelles containing active cathepsins ( Figure 6B ). When we used mCherry fluorescence to distinguish infected cells from bystander cells, we found that the infected BMDM exhibited a uniform increase in pH of organelles containing cathepsin activity ( Figure 6C ). Furthermore, although the cathepsin activity in bystander BMDM remained mostly in organelles of similar pH to the uninfected cells, some organelles in the bystander cells exhibited a subtle but reproducible pH elevation ( Figures 6D and S5B) . C. Cells lysates were separated by SDS-PAGE. The gel was scanned in the Cy2 channel (for Oregon Green 488 and fluorescein) and the Cy5 channel in pH 7.4 buffer, then rinsed in pH 3.6 buffer and scanned again. Cathepsin identities are indicated. OG488, Oregon Green 488; FL, fluorescein. (B) Probe signal colocalizes with lysosomal compartments. RAW 264.7 were incubated with 5 mM LES12 or LES13 for 2 hr, stained with 50 nM LysoTracker red and Hoechst, washed, and imaged live. Scale bar, 10 mm.
(legend continued on next page)
We next evaluated how this infection-induced pH increase in cathepsin-containing organelles affected the activity of the cysteine cathepsins by infecting BMDM with an MOI (25:1) of S. typhimurium where we predicted the majority of cells would contain bacteria (Figure 6E ). At this MOI, we observed a uniform increase in the pH of organelles containing active cathepsins ( Figure 6F ). The Cy5 fluorescence in organelles was lower than in uninfected cells ( Figure 6G ), indicating that overall cathepsin activity may be affected by the presence of intracellular bacteria. Indeed, when we analyzed cell lysates by in-gel fluorescence, we observed an overall decrease in probe labeling, confirming a decrease in cathepsin activity ( Figure 6H ). Importantly, this change was not due to alterations in cathepsin expression as confirmed by western blot analysis of cathepsin protein levels ( Figure S5C ). Taken together, these data demonstrate a dynamic relationship between intracellular S. typhimurium and host endolysosomal enzymes. Upon initial infection, the cysteine cathepsins have access to S. typhimurium in compartments of varied pH. Once the bacteria have formed a replicative niche within the cell, active cathepsins are excluded from the SCV and exist in organelles of elevated pH. Finally, alteration of the pH environment of host cell proteases is not limited to the cells that the bacteria colonize. These data demonstrate the sensitivity and utility of a dual pH/activity probe for dynamic monitoring of alterations in cathepsin activity and pH at the level of discrete organelles.
DISCUSSION
Although cysteine cathepsins play important roles in regulating biological processes involved in health and disease, their activity at pH values outside the acidic lysosome have been difficult to measure. In part, this is due to lack of tools to directly monitor multiple parameters such as activity and pH in live cells. Here we report cathepsin-targeted activity-based probes that also contain pH reporters that allow direct monitoring of cathepsin activation, regulation, and localization while simultaneously measuring local pH. Both probes contain a far-red fluorophore, Cy5, which reports cysteine cathepsin protease activity. LES12 contains OG488, which we determined to have a cellular pK a of 5.2, while LES13 contains fluorescein, which has a cellular pK a of 6.5. Both OG488 and fluorescein produce fluorescence at neutral pH, with the fluorescent signals dramatically decreasing at acidic pH. This allows the probes to distinguish between acidic and neutral environments in real time. Both pHdependent fluorophores are also suitable for measuring discrete pH values around their pK a . Therefore, the probes described here have the potential to enable analysis of perturbations in cellular pH and to identify regulatory mechanisms that potentiate cathepsin activity at non-acidic pH.
We exploited the ability of these probes to measure discrete pH values to provide direct measurements of the pH of the cellular microenvironment of active cysteine cathepsins. We found that cathepsin activity was predominantly found in organelles that had pH values ranging from 4.5 to 5.5, as would be expected for late endosomes and lysosomes. However, we also identified a subpopulation of macrophage cathepsins in vesicles above pH 6. We hypothesize that these high pH organelles could be acidifying endosomes or endosomes containing neutral-pH-stable cathepsins such as CatS. Alternatively, these organelles could contain endogenous cofactors that stabilize cathepsins at elevated pH. Furthermore, it is possible that cathepsins in these elevated pH compartments have alternative functions to classical lysosomes, suggesting that further analysis is warranted. With the development of probes described here, it should be possible to directly isolate and study the composition and function of these compartments.
Using these bifunctional ABPs, we found that upon initial infection of macrophages, some intracellular S. typhimurium colocalize with active cathepsins in both acidic and neutral pH compartments. Cathepsin activity was also present in some host organelles of elevated pH. After colonization of host macrophages for 14 hr, this elevation in pH manifested itself in almost all organelles containing active cathepsins in infected cells and also in some organelles of bystander cells. At the later time point, we also observed that, as previously reported (Hang et al., 2006) , cathepsin activity did not colocalize with intracellular S. typhimurium. These results suggest a complex and dynamic relationship between intracellular bacteria and host endolysosomal enzymes, the functional consequences of which will be an interesting area to explore. The ability of host cell proteases to access S. typhimurium upon initial infection could be a defense mechanism to degrade the bacteria, or possibly provide proteases to cleave substrates that promote maturation of the Salmonella-containing phagosome. Further studies will be required to better understand the biological significance of this phenomenon.
Our findings after extended infection times suggest mechanisms by which S. typhimurium, once it has established a replicative niche, may alter host cell signaling to promote its own survival. Our finding of a lack of colocalization of cathepsin (C) Probes are pH dependent in cells. Cells were incubated with 5 mM LES13 for 2 hr and then the internal pH clamped by incubation with 10 mM nigericin in buffer of the indicated pH for 10 min. Cells were imaged live. Ratiometric images were calculated by dividing fluorescein intensity by Cy5 on a pixel-by-pixel basis and false coloring the resulting image using the RGB lookup table in ImageJ. Organelles of elevated pH are indicated by arrowheads. Scale bar, 10 mm. (D) Determination of pK a values of probes in cells. Cells were incubated with 5 mM LES12 or LES13 for 2 hr and then pH clamped and imaged live. Four images were taken per condition. Green fluorescence in cathepsin activity positive (i.e., Cy5+) organelles (>100 organelles/condition) was quantified and averaged. Data are representative of three biological replicates. Nonlinear regression curves were fit and pK a values (the inflection point of the curve) determined using GraphPad Prism software. (E) RAW 264.7 were labeled with LES13 and pH clamped as in (C). Cells were labeled with Texas red dextran (TR-dextran) to visualize all endocytic compartments. Cells were imaged live and both FL and TR-dextran fluorescence quantified in individual organelles. The ratio of FL to TR-dextran signal for each organelle was quantified and the ratios averaged and plotted. Error bars in (D) and (E) represent mean ± SD of four separate fields of view. (F) Calculation of the pH of organelles containing active cathepsins. FL/Cy5 ratio and cellular pK a data were used to calculate the internal pH of individual cathepsin activity positive organelles using the Grynkiewicz equation. pH values from 250 Cy5 positive organelles were binned in 0.2 pH increments and plotted as a histogram. See also Figure S2 . activity with bacteria at later time points indicates that the mature SCV does not fuse with host cell endosomes and lysosomes, preventing bacterial degradation by host cell enzymes. Furthermore, the increased pH of host cell endolysosomal compartments results in a general reduction in endolysosomal enzyme activity, thus preventing possible damage even if Salmonella traffics into endolysosomal compartments. Finally, decreased cathepsin activity results in a decreased ability to present antigen, which would dampen immune responses in the infected host. Decreased ability to present antigen has previously been reported in mouse models of S. typhimurium (Cheminay et al., 2005) , and our findings indicate a potential cellular mechanism behind this defect. In summary, these redundant mechanisms promote survival of Salmonella within macrophages, which in turn promotes long-term infection of the host. Intriguingly, we found that some, but not all, bystander cells are affected by the presence of S. typhimurium within neighboring cells. We hypothesize that this might occur via a secreted factor from either S. typhimurium or infected host cells that alters endomembrane trafficking and vesicle maturation. This signal may either serve the purpose of preparing nearby cells for infection or alerting them to the presence of pathogenic bacteria. Regardless, these data demonstrate the richness of information that can be gathered using bifunctional ABPs. We expect that these tools will enable detailed study and evaluation of extra-lysosomal roles for cysteine cathepsins and more broadly provide a sensitive marker for changes in endolysosome dynamics and function.
SIGNIFICANCE
Cathepsin proteases were originally discovered as essential enzymes for digestion of cellular protein waste in the lysosome. Initial in vitro assays suggested that their activity was confined to acidic organelles in the endolysosomal system. More recently, a wide variety of functions beyond the lysosome have been attributed to the cysteine cathepsins, ranging from roles in the nucleus as mediators of cell cycle progression to roles in the extracellular matrix as pro-metastatic factors in cancer. These studies provide evidence that regulation of cathepsin activity is complex and that these proteases do not reside only in acidic compartments within the cell. To define the range of pH values at which cathepsin proteases are active, we designed probes to simultaneously measure protease activity and pH in live cells. Here we present the synthesis and characterization of bifunctional pH/ activity probes, and demonstrate that they provide sensitive measurements of cathepsin activity and local pH with a resolution at the level of specific subcellular organelles. We use these probes to directly characterize the pH environment of cathepsin activity in living cells and to track dynamic changes in pH upon stimulus. Furthermore, we uncover and provide detailed characterization of an induced change in endolysosomal pH caused by the intracellular pathogenic bacterium S. typhimurium. Interestingly, after prolonged infection, this induced pH change is also observed in neighboring, uninfected cells. Together our results suggest that pathogenic bacteria maintain a dynamic relationship not only with their direct host cells, but potentially with cells near the site of initial infection.
EXPERIMENTAL PROCEDURES Mice
All animal care and experimentation was conducted under protocols agreed upon by the Administrative Panel on Laboratory Animal Care at Stanford University. Before isolation of femurs and tibia for extraction of bone marrow, mice were anesthetized with isoflurane and euthanized by cervical dislocation.
Synthesis of Bifunctional Probes
Synthetic methods and compound characterization can be found in the Supplemental Experimental Procedures. (legend continued on next page) preactivated in citrate buffer (50 mM citrate [pH 5.5], 0.1% Triton X-100, 0.5% CHAPS, 5 mM DTT) for 10-30 min at 37 C. Activated cathepsin protease was added to pH 5.5 phosphate-citrate buffer containing 1 mM LES12 or LES13. The final probe concentration was 500 nM and the final protease concentration was 50 nM. Probe fluorescence was read at 520 nm (490 nm excitation) and 680 nm (650 nm excitation) on a plate reader (BioTek).
In Vitro Analysis of Probes
For quantum yield determination, a range of concentrations of probe or free Cy5 were incubated in citrate buffer. For each concentration of probe, absorbance at 650 nm (measured in transparent 96-well plates in triplicate) and fluorescent emission (680 nm; 650 nm excitation, measured in opaque-walled 96-well plates in triplicate) were measured by plate reader. Fluorescent emission was plotted against absorbance and slopes determined by linear fitting. Quantum yields were calculated using the following equation:
QY calc = QY standard (slope calc /slope standard )
For these experiments, the standard is free Cy5 and calc is one of the probes.
Cell-Based Labeling Experiments
For gel-based assessment of labeling, RAW 264.7 were labeled and analyzed as previously described (Verdoes et al., 2013) . Where indicated, cells were pre-incubated with 50 mM JPM-OEt (Chehade et al., 2005) (from 10003 stock in DMSO) for 30 min before addition of probe.
For microscopy-based assessment of labeling, RAW 264.7 cells or BMDM were labeled with probes for the indicated amounts of time at 37 C. Before imaging, cells were washed 33 with PBS and then imaged in DMEM. When indicated, cells were also treated with 50 nM LysoTracker red DND-99 (Thermo Fisher Scientific) or 10 mg/ml TR-dextran, 3,000 MW, neutral (Thermo Fisher Scientific). For the last 15 min prior to imaging, cells were incubated with Hoechst dye (Thermo Fisher Scientific) to label nuclei. Cells were imaged on a Zeiss LSM700 confocal microscope using the 403 water objective.
pH Clamping and pK a Determination To determine the cellular pK a of the probes LES12 and LES13, RAW were labeled with 5 mM LES12 or LES13 for 2 hr. Cells were pH clamped as previously described (Arosio et al., 2010; Overly et al., 1995) and imaged live. The fluorescence intensity of individual organelles was quantified and averaged. For each pH step, 3-4 fields of view were imaged. Each field of view held at least ten cells or >40 individual quantified organelles. Average fluorescence intensity values were plotted using GraphPad Prism, and pK a was determined by calculating the inflection point of the curves fit to pH clamping data.
Bacterial Infections
For infection experiments, BMDM were plated in 4-well or 8-well dishes with glass bottoms (LabTek-II) and infected with strains SL1344 or 12023 S. typhimurium as previously reported. S. typhimurium were grown to stationary phase in Luria-Bertani (LB) prior to infection. For the 12023 strain expressing mCherry on an ampicillin-resistant plasmid, bacteria were grown in LB with 100 mg/ml ampicillin. Bacteria were then diluted in DMEM and BMDM were infected by centrifugation at 500 3 g for 10 min. After 1 hr of infection, gentamicin (100 mg/ml) was added to kill extracellular bacteria and synchronize the infection. After 1 hr of incubation with high gentamicin, cells were washed and then switched to low gentamicin (10 mg/ml) media for the remainder of the infection. Before imaging, BMDM were labeled with 5 mM LES13 for 2 hr then washed 33 with PBS and imaged live. For the 2 hr infection time point, BMDM were labeled with probe during the high gentamicin incubation period and then washed and imaged in low gentamicin (10 mg/ml) DMEM.
For S. typhimurium staining, BMDM were fixed for 15 min with 4% paraformaldehyde in PBS and stained overnight with chicken anti-Salmonella antibody (1:10,000, kind gift from Denise Monack). Cells were then washed and stained with Alexa 488-conjugated Goat Anti-Chicken IgY H&L (1:1000, Abcam; ab150169) for 1 hr at room temperature. Finally, cells were washed and mounted in Vectashield with DAPI (Vector Laboratories).
Microscopy Analysis and pH Determination
To calculate pH, cells were first labeled with LES13 (5 mM), then clamped at pH 8 or pH 4.5 and imaged live. Organelle fluorescent intensity was quantified using ImageJ to provide the minimum and maximum fluorescent intensities of the pH-dependent fluorophore. In the experimental conditions, cells were stimulated as described, labeled at the same time as pH 8-and pH 4.5-clamped standards, and then washed and imaged live using the same microscope settings as in the pH-clamped cells. Organelle mean fluorescence intensity measurements were taken using ImageJ, measuring intensity in single planes of an image. pH of individual organelles was then calculated using the following equation: pH = pK a + log fluor experimental À fluor min fluor max À fluor experimental fluor min and fluor max are the average organelle fluorescence intensity in the pH-dependent (i.e., green) channel in cells clamped at pH 4.5 and pH 8, respectively. The pK a was experimentally determined as described above. Organelle pH values were plotted as a histogram or density plots using the base plotting functions of R (http://www.R-project.org/). In all cases, at least four fields of view at the 403 water objective were collected; >50 cells and >250 organelles per condition. For identification of bystander versus infected cells, a z stack was taken through the entire cell to avoid missing bacteria in different planes.
Ratiometric Image Processing
Ratiometric images were generated using ImageJ software. In short, images were first background subtracted (rolling ball radius = 10 pixels). The resulting image for the pH-dependent fluorophore (fluorescein) was divided by the resulting image for the activity-dependent fluorophore (Cy5). The RGB lookup table was then used to false color images. See also Figure S5 .
SUPPLEMENTAL INFORMATION
